High-severity fire creates patches of complex early seral forest (CESF) in mixed-severity fire complexes of the western USA. Some managers and researchers have expressed concerns that large high-severity patches are increasing and could adversely impact old forest extent or lead to type conversions. We used GIS databases for vegetation and fire severity to investigate trends in large (>400 ha) CESF patches in frequent-fire forests of the western USA, analyzing four equal time periods from 1984 to 2015. We detected a significant increase in the total area of large patches relative to the first time period only (1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991), but no significant upward trend since the early 1990s. There was no significant trend in the size of large CESF patches between 1984 and 2015. Fire rotation intervals for large CESF patches ranged from~12 centuries to over 4000 years, depending on the region. Large CESF patches were highly heterogeneous, internally creating ample opportunities for fire-mediated biodiversity. Interior patch areas far removed from the nearest low/moderate-severity edges comprised a minor portion of high-severity patches but may be ecologically important in creating pockets of open forest. There was ample historical evidence of large CESF patches but no evidence of increases that might indicate a current risk of ecosystem-type shifts.
Introduction
High-severity fire patches represent the component in fires that kill all or nearly all of the overstory trees within mixed-severity fire areas in conifer forests of the western USA [1, 2] , creating a unique forest habitat type known as the complex early seral forest (CESF) [3] . CESFs are distributed as small (<1 ha) to large patches (>400 ha) in mixed-severity burns in the lower/middle-montane conifer forests of the Sierra Nevada [2] and within other frequent-fire forest types of the western USA [4] [5] [6] . Unlike early seral produced by a clear-cut or otherwise intensively logged area, a CESF is more complex in its structure, and is characterized by a heterogeneous mix of abundant standing dead trees (snags) and downed logs, naturally regenerating conifers, other trees, shrub patches, and abundant wildflowers [3] .
Whether high-severity fire is increasing and the ultimate causes of presumed increases (e.g., climate change, increase in tree densities) is the subject of much recent debate. For instance, the areal extent and proportion of high-severity fire within large fire complexes have not changed markedly in recent decades in most forested regions of the West [4, [7] [8] [9] [10] [11] , but results are equivocal in the Rocky Mountains and Southwestern US, e.g., see [9, 11, 12] . In the Sierra Nevada, some studies have reported increasing trends for high-severity fire, e.g., [13, 14] , whereas subsequent research [15, 16] indicated no increases. Moreover, the size of CESF patches within large fire complexes has been used as a key metric to hypothesize whether fire regimes are operating within historical bounds [6, [17] [18] [19] [20] [21] . Some have expressed concerns that large high-severity patches are increasing as a component of a recent increase in so-called megafires and that this may signal ecosystem-type shifts and the loss of old-growth We analyzed the same western USA frequent-fire forest types, and used the same vegetation databases as in our related study [40] (Figure 1 ). These areas are dominated by mixed-conifer forests, as well as ponderosa pine (Pinus ponderosa) and Jeffrey pine (Pinus jeffreyi) forests.
We downloaded burn severity maps derived from satellite imagery from the Monitoring Trends in Burn Severity project (MTBS; http://www.mtbs.gov). Within the conifer forests of our study area, we defined CESF patches as areas experiencing high-severity fire, using a threshold of Relative Delta Normalized Burn Ratio (RdNBR) values ≥641 [41] . The same or similar thresholds have been used to define high-severity fire in multiple forest regions of western USA [21, [42] [43] [44] and thus, our findings are directly applicable with consistent use of MTBS across studies. Although there is no accepted or standard definition of large CESF patches, we chose to analyze patches >400 ha in order to address concerns expressed by researchers that CESF patches hundreds of hectares or larger may not have occurred historically [6, 18, 21] , may create homogeneity and inhibit post-fire forest regeneration due to lack of seed sources [20, 22] and/or may reduce forest resilience to climate change [45] [46] [47] . We used an inclusive approach such that any high-severity fire pixels of conifer forest (30 × 30-m each) with sides touching were considered to be part of the same patch.
We used a Mann-Kendall test to determine whether there is any trend in (a) the combined total annual area of CESF patches >400 ha, and (b) the size of individual CESF patches >400 ha, for the years 1984-2015 (the period for which consistently mapped MTBS datasets were available for the US), analyzing both the annual area of large CESF patches, and the size of individual large CESF patches, as continuous variables. Mann-Kendall is a non-parametric test for monotonic upward or downward trends over time and has been used in similar studies [9, 15, 48] . Compared to other tests, including parametric tests, the Mann-Kendall has been found to have an equal or greater statistical power to detect trends in environmental time series data when the data are non-parametric, such as wildland fire trend data [15] . detect trends in environmental time series data when the data are non-parametric, such as wildland fire trend data [15] . Ecoregions with pine and mixed conifer forests analyzed for large high-severity fire patches in our study modified from [40] . Two-letter acronyms shown on the map represent different U.S. states.
Since we were interested in determining the specific timing of any differences in occurrence in large CESF patches, we used a Nemenyi non-parametric test for multiple comparisons among groups with an equal sample size [49] to analyze whether there have been increases or decreases in large (>400 ha) patches of CESF, created by high-severity fire, for total annual area across four equal time periods (1984-1991, 1992-1999, 2000-2007, 2008-2015) . To determine which specific time groups were significantly different with regard to individual patch sizes, we used a Dunn non-parametric test for multiple comparisons with unequal sample sizes [49] . In all analyses, significance was assessed at α = 0.05. We conducted this analysis because we wanted to determine whether any trend in the occurrence of large CESF patches is current and ongoing or happened at some point in the past, during the 1984-2015 time series, but may not be ongoing. This is not possible when large CESF patch occurrence is analyzed as continuous variables across the entire time series. For these two multiple comparison analyses, we chose to assess four groups of eight years each, rather than, for example, eight groups of four years each because the latter reduces sample size within each group to levels considered to be statistically inadvisable, and because using eight groups of four years increases the critical threshold to determine differences among groups, thus making it more difficult to reveal such differences when they exist [49] .
In order to understand the spatiotemporal extent and context of large CESF patches across the forested landscape, we calculated fire rotation intervals [9] for high-severity fire patches >400 ha in each of four regions in the western USA: Sierra-Nevada/Southern-California, Klamath/Southern-Cascades, Northern-Cascades/Northern-Rockies, and Southern-Rockies/Southwest. The rotation Figure 1 . Ecoregions with pine and mixed conifer forests analyzed for large high-severity fire patches in our study modified from [40] . Two-letter acronyms shown on the map represent different U.S. states.
In order to understand the spatiotemporal extent and context of large CESF patches across the forested landscape, we calculated fire rotation intervals [9] for high-severity fire patches >400 ha in each of four regions in the western USA: Sierra-Nevada/Southern-California, Klamath/Southern-Cascades, Northern-Cascades/Northern-Rockies, and Southern-Rockies/Southwest. The rotation interval for the occurrence of large CESF patches is equal to the average interval between occurrences of large patches across the study landscape [9] . We also analyzed the internal heterogeneity of CESF patches >400 ha in the four western USA regions by determining the percentage of the total area of such patches that was 1-100 m, 101-200 m, 201-300 m, and >300 m from the nearest unburned, low, or moderate-severity pixel (from either outside or inside the patch) within the frequent-fire conifer forest types analyzed in this study [40] . We included a specific analysis of internal heterogeneity of large high-severity patches because some authors have hypothesized that such patches would be internally homogeneous and have expressed concern about the potential for natural succession in this regard [6, 20] . The distance intervals selected for this analysis were based on biologically meaningful relationships in levels of natural post-fire conifer regeneration at increasing distances from seed sources. We assumed lower levels of conifer recruitment at greater distances from live trees, consistent with natural succession to more open forest conditions [45, [50] [51] [52] [53] .
Finally, although it was beyond the scope of this study to attempt to compare current versus historical rates of occurrence of large CESF patches, we included a table summarizing evidence for historical occurrence of patches >400 ha, focusing on low/middle-montane, frequent-fire forest types, given questions expressed about whether large CESF patches occurred historically in these forests [6, 18, 21] .
Results
Over the entire time series, 1984-2015, there was a significant increasing trend in the combined total area of CESF patches >400 ha in each year (τ = 0.407, p = 0.001), but no trend in patch size (τ = 0.009, p = 0.802). However, when the data were analyzed by time periods, there was only one significant difference in the annual area of CESF habitat created by high-severity fire relative to the earliest time period (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) , but no significant differences were detected among time periods since the early 1990s (Table 1, Figure 2 ). With regard to the size of individual large CESF patches, there were no significant differences detected among time periods (Table 2 ). Figure 3 shows the distribution of individual large CESF patches over the entire time series. Table 1 . Critical values (q 0.05, 4 ), absolute difference between mean of ranks (|R A -R B |), standard errors (SE), and test statistics (q) to assess statistical significance, at α = 0.05 of any differences among the four time groups (1 = 1984-1991, 2 = 1992-1999, 3 = 2000-2007, and 4 = 2008-2015) for total annual area of CESF patches >400 ha using the Nemenyi non-parametric test for multiple comparisons between groups with an equal sample size (n = 8 years for each time group). The statistical significance of the levels of q are shown as "Y" (significant) or "N" (not significant). Table 1 and 2 for time periods). Size of individual patches >400 ha Table 1 and 2 for time periods). Size of individual patches >400 ha Overall, 52% of the area within the boundaries of CESF patches >400 ha was within 100 m of unburned, low, or moderate-severity edges/inclusions, and 78% of the total area was within 200 m of such edges and inclusions. The results were similar in all four western USA regions (Table 4 ). Figure  S1 is an example illustration of various distances from potential seed sources in very large (>1000 ha) high-severity patches in two areas: Rim fire 2013 (Stanislaus National Forest, Sierra Nevada, CA) and Hayman Fire 2002 (northwest Colorado Springs area). There is historical evidence of numerous large CESF patches created by high-severity fire prior to widespread fire suppression in every region of the western USA in low/middle-montane forests ( Table 5 ). Historical patches >400 ha ranged from~400 ha to >20,000 ha for our study area. 
Time Group

Discussion
Despite concerns about there being too many large CESF patches produced by big fires, we found that while an increase in the total area of such patches did occur initially in the time series, this happened over two decades ago and there has been no subsequent increase since the 1990s. We did not find an increase in the size of individual CESF patches >400 ha at any point during the time series (1984-2015)-i.e., patches >400 ha did not get significantly larger in more recent time periods. The rotation intervals for large patches ranged from about twelve centuries to over four millennia, depending on the region. A posteriori, we conducted the same analyses regarding whether there had been an increase in the area of large high-severity fire patches, but with a smaller patch size threshold (>100 ha), and we found the same result-i.e., significant differences between the first time period and the third and fourth time periods, but no other significant differences (Table S1, Figure S2 ). We did not conduct a posteriori analysis for patches >100 ha regarding the question of whether individual high-severity patches had been getting larger, since there were no significant or marginally significant differences with the >400 ha threshold.
Importantly, in large CESF patches, within-patch heterogeneity was high, with the great majority of patch area occurring within 200 m of the potential seed sources of unburned, low, or moderately burned conifer forest. In this regard, our findings are similar to those in the Northern US Rockies [63] . Depending on site factors, natural post-fire conifer regeneration generally occurs most quickly and abundantly within 100 m of low/moderate-severity and unburned recruitment areas, and secondarily at 100-200 m from unburned or low/moderate-severity areas [45, [50] [51] [52] [53] 64] . It also occurs-typically Diversity 2019, 11, 157 8 of 13 more slowly and less densely-in the portion of large CESF patches that are >200 m from unburned or low/moderate-severity areas [51, 53, 64] . However, in these more distant areas, we can expect pockets of more open conifer forest or dense vegetation dominated primarily by oaks (Quercus spp.) and aspen (Populus spp.) and secondarily by conifers [51, 64] . This internal patch heterogeneity indicates that large CESF patches play an important role in creating and maintaining pockets of open forest stands and increasing the heterogeneity (beta diversity) of forest structure across the landscape [64] .
We also found considerable evidence of historical occurrence of large CESF patches in all regions, indicating that such patches are a component of natural fire regimes in low/middle-elevation, frequent-fire conifer forests of the western USA. More research is needed to compare current versus historical extents of such patches.
Modeling studies regarding wildland fire in western forests project overall increases [65] , or more complex mixes of increases and decreases within and among regions, mediated by interactions between climate and vegetation shifts [65] [66] [67] . Thus, it will be important to continue to monitor high-severity fire occurrence and patch sizes periodically to understand any patterns that emerge in patch dynamics and conifer recruitment rates. Our findings also differ from some previous work regarding high-severity fire trends in western U.S. conifer forests. Some researchers [13, 14] , for instance, noted increasing trends in overall high-severity fire occurrence in mixed-conifer forests of the Sierra Nevada. Subsequent analyses [15, 16] found that the use of a vegetation database by these researchers post-dated the time series being analyzed and led to an unintended omission of much of the high-severity fire in the earlier years of the time series, causing the appearance of an upward trend where no such trend existed. In other words, it was later found that the vegetation database used by these studies often did not reflect the vegetation that existed at the time of the fires analyzed, since much of the conifer forest that experienced high-severity fire in the earlier years of the time series was later reclassified as chaparral or other non-conifer vegetation-a phenomenon that occurred less for more recent fires in the time series.
Others [46, 68, 69] reported an increasing trend in the interior area of high-severity fire patches in the Sierra Nevada, but also used a vegetation database that post-dated the time series and omitted more of the high-severity fire in the earlier years of the time series [15] . They did not account for small low/moderate-severity inclusions within large high-severity fire patches, while inclusions of this size were common in our analyses.
Our results indicate that large CESF patches have high levels of heterogeneity (beta diversity), even within the most interior portions, which may facilitate heterogeneous natural forest regeneration in ecologically beneficial ways [25, 53, 55, 70] . Some delayed tree mortality can, of course, occur in the years following a fire in low/moderate-severity inclusions, and this could potentially influence the internal patch complexity along with conifer seedling establishment. Yet, even in such cases, individual trees experiencing delayed mortality would provide seed source in the interim years, and research into delayed post-fire mortality indicates fairly modest levels of such occurrences in low/moderate-severity pixels [71] .
Some researchers have expressed concern about type conversion to non-forest following fires, especially high-severity fires, e.g., [47, 72] . Although a detailed discussion of this issue is beyond the scope of our study, we note that areas described as examples of possible post-fire type conversion nevertheless had substantial post-fire conifer regeneration, generally within the described natural range of variability for the specific forest type [72] , and the areas with no regeneration occurred at the spatial scale of very small plots [47, 72] . Thus, we suggest that there may be a scale-of-observation issue at work here, and much larger plots indicate more consistent post-fire regeneration [64] . Moreover, while recent research has suggested somewhat lower regeneration in more recent fires, time-since-fire was not accounted for, and far fewer years of post-fire succession had occurred at the time of field sampling in the more recent fires, which might account for the difference [47] . Nevertheless, some researchers have predicted that in a hotter and drier climate in certain areas, such as the Klamath region of northwestern California, recurrent high-severity fire could limit the recruitment of some conifer species in future decades [73] . Thus, more research is needed to address this question after taking spatial and temporal scale and time-since-fire into account.
Conclusions
Our findings have specific management and policy relevance. In particular, we counter claims made by some researchers, and often used by decision-makers, to justify large-scale forest "thinning" and post-fire logging projects-specifically, the assumption that such logging projects are needed to prevent type conversion in response to a perceived increase in CESF patch sizes and conifer regeneration failures in "megafires" (see [6, 18, 20, 22] ). Lack of a biodiversity perspective has created underlying tensions among researchers over the role of high-severity fires in maintaining CESF, and we hope that our findings will now inform this ongoing discussion. Additionally, contrary to assumptions made by land managers in the course of proposing extensive post-fire logging and creation of artificial tree plantations following large fires, we found ample evidence of patch heterogeneity-and presumably natural conifer establishment-in large severely burned patches, in addition to the occurrence of large high-severity patches in the historical record. This finding has key relevance to current forest management policy, since the assertion that current large CESF patches are unprecedented is not substantiated by our data but is being used to justify legislative and regulatory proposals to severely weaken environmental laws on U.S. federal lands.
Notably, numerous studies have found high levels of native plant and animal richness and abundance in large fires of mixed severity that produce CESF patches in severely burned areas, see [3, [24] [25] [26] [27] [28] [29] [30] [31] 70, 74, 75] . Such fires facilitate high levels of beta diversity at landscape scales, providing a broad suite of habitat for both fire-seeking and fire-avoiding species [25] , including many early seral birds that have been declining due to a lack of "diverse early seral habitat" [76] . Thus, far from being indicative of "catastrophic" (or "megafire") ecosystem shifts, large CESF patches have consistently been found to support a unique ecological community that is otherwise most often post-fire logged because of perceptions that this forest type has limited wildlife value, see [25, 75] . Instead, we found that large CESF patches are extremely infrequent at landscape scales in ponderosa/Jeffrey-pine and mixed-conifer forests of the western U.S., and whether high-severity fire that produces this important seral stage is increasing in western USA forests remains debatable, e.g., [4, [9] [10] [11] [13] [14] [15] [16] 19, 21, 23] .
Regarding the human implications of our findings, we recommend that land managers focus limited resources on community fire safety and defensible space of homes as a means of getting to coexistence with wildfire [77] [78] [79] and for managing wildfire under safe conditions for a myriad of ecosystem benefits.
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